Abstract The protein Pspto_3016 is a 117-residue
Introduction
We have determined the solution NMR (PDB ID 2KFP) and X-ray crystal structures (PDB ID 3H9X) of the 117-residue protein Pspto_3016 (NESG Target ID PsR293) from the plant pathogen Pseudomonas syringae (UniProtKB/TrEMBL ID Q880Y4_PSESM), a member of the protein domain family Pfam [5] PF04237 (DUF419). P. syringae is a well-known plant pathogen capable of infecting several species ranging from Arabidopsis thaliana to the tomato plant [7] . The Pspto_3016 protein from P. syringae was selected by the Northeast Structural Genomics Consortium (NESG) as part of the National Institutes of Health Protein Structure Initiative (PSI-2 and PSI-Biology) programs. The goals of PSI-2/PSI-Biology include the ''structural coverage'' of broadly conserved protein domain families by determination of one or more structures from each of several hundred domain families using NMR and X-ray crystallography [9, 23] . The Pfam family PF04237 remains an uncharacterized family of bacterial proteins lacking functional annotation. Pfam family PF04237 also includes domains of proteins that have been identified as human bacterial gut metagenomic targets of the PSI-Biology program [9] . Protein YjbR from Escherichia coli (NESG target ID ER226; PDB ID 2FKI) and protein DR2400 from Deinococcus radiodurans (PDB ID 2A1V), for which 3D structures have been determined by solution NMR [30] and X-ray crystallography (U. A. Ramagopal, Y. V. Patskovsky, S. C. Almo, New York Structural GenomiX Research Consortium. Crystal structure of Deinococcus radiodurans protein DR2400, Pfam domain DUF419) respectively, are also members of Pfam PF04237. Based on structural similarities to the C-terminal DNA binding domain [12] of the MotA transcription factor (MotCF) from T4 bacteriophage, outlined below, we propose that Pspto_3016 functions as a sequence-specific DNA-binding protein.
Materials and methods

Protein sample preparation
Pspto_3016 was cloned with a C-terminal His 6 affinity tag (LEHHHHHH), expressed, and purified following standard protocols of the NESG consortium [1] , providing uniform [U-13 C, 15 N] and uniform 100 % 15 N, 5 % biosynthetically directed 13 C (NC5) isotopically enriched samples for NMR. The expression vector plasmid for Pspto_3016 (PsR293-21) is available from the PSI Material Repository (http://psimr.asu.edu/) and from the Structural Biology Knowledgebase [14] . Pspto_3016 behaved as a monomeric protein according to static light scattering in-line with gel filtration, and based on an isotropic overall rotational correlation time (s c ) of 11.2 ns that was estimated from onedimensional 15 N T 1 and T 1q relaxation data under the conditions used for NMR (1.1 mM Pspto_3016 protein, 10 % v/v D 2 O, 100 mM NaCl, 10 mM DTT, 5 mM CaCl 2 , 0.02 % NaN 3 , 20 mM ammonium acetate pH 4.5 at 20°C) (Supplementary Figure S1) .
Protein NMR studies
Resonance assignments for the amide backbone 1 H N , 15 N, 13 C a , 13 C' and side chain 13 C b atoms were made automatically using AutoAssign 2.3.0 [24] after manual peak picking of the 15 N-HSQC, HNCACB, CBCA(CO)NH, HNCO, HNCA, and HN(CO)CA, spectra. Additional experiments used for backbone assignments but not submitted to AutoAssign include:
15 N-edited NOESY-HSQC, HBHA(CO)NH, H(CC)(CO)NH-TOCSY, and (H)CC(CO) NH-TOCSY. Side chain resonance assignments were completed manually using the aforementioned experiments together with the 13 C-edited NOESY-HSQC, H(C)CH-TOCSY, H(C)CH-COSY, in addition to (H)CCH-TOCSY, and 4D
13 C-13 C-HMQC-NOESY-HMQC experiments collected on NC samples in 99.9 % D 2 O. Stereospecific assignments of isopropyl side chain methyl groups of Leu and Val residues were performed using constant and nonconstant time 13 C-HSQC experiments collected on an NC5 sample. Dihedral angle constraints were computed by TALOS [8] based on the chemical shift assignments for backbone resonances. Preliminary structures of Pspto_3016 were calculated using AutoStructure 2.2.1 [18] before final structures were calculated using CYANA 2.1 [15, 16] and XPLOR-NIH-2.20 [28] and refined in explicit water using CNS version 1.1 [6] . The final constraints and ensemble of 20 models sorted by the lowest energy was deposited to the Protein Data Bank (PDB ID 2KFP) and the chemical shifts, NOESY FIDS, and peaklists were deposited to the database BioMagResDB (BMRB accession number, 16186).
Protein crystallization and crystallography
Triclinic crystals of Se-Met-labeled Pspto_3016 from P. syringae were obtained by hanging drop vapor diffusion at 18°C from drops containing a 1:1 mixture of protein solution (7.5 mg/mL) and well-precipitant solution. The protein solutions contained 100 mM NaCl, 5 mM DTT, 0.02 % NaN 3 , 10 mM Tris-HCl (pH 7.5) and the reservoir solution contained 100 mM monosodium citrate (pH 4.2), 20 % PEG 8000 and 60 mM NaNO 3 . The crystal was cryoprotected with 20 % glycerol and flash-cooled in liquid nitrogen. Diffraction data sets were collected on a single crystal using the beam line X4A with a Quantum 4R detector at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. Data were integrated and scaled with HKL2000 [25] . The crystal structure of Pspto_3016 was solved by SAD using SHELX [29] . The locations of three selenium sites per molecule were identified from 2.9 Å resolution data. Matthews coefficient calculations indicated four monomers per asymmetric unit. Initial phases obtained using SHELXD, were improved by density modification and solvent flattening (using a solvent content of 46 %). After phase refinement, an initial model constructed with RESOLVE [31] was extended by ARP/ wARP [26] to 2.5 Å and refined with CNS [6] . Model building was performed using Coot [10] . Several cycles of simulated annealing and minimization were carried out using the CNS program package [6] . Atomic coordinates were deposited in the Protein Data Bank (PDB ID 3H9X).
Results and discussion
The solution NMR structural ensemble of Pspto_3016 (PDB ID 2KFP) is shown in Fig. 1a . The structure adopted a characteristic a/b sandwich fold similar to that of the two other proteins with known structures from Pfam PF04237, revealing the putative ''double wing'' DNA binding motif [21, 30] . The secondary structure is composed of three ahelices (a1-3), a solvent exposed b-sheet consisting of six anti-parallel strands (b1-6), and several loops with a secondary structure arrangement in the order N-a1-b1-b2-b3-b4-a2-b5-b6-a3-C (Fig. 1b) . NMR structure quality statistics are given in Table 1 .
The X-ray crystal structure of Pspto_3016 (PDB ID 3H9X) is shown aligned to the NMR structure in Fig. 1c , and the corresponding structural refinement statistics are shown in Table 2 . The NMR and crystal structure are very similar to one another, with backbone RMSD of 1.39 ± 0.14 Å , for residues with ordered secondary structure (2-14, 19-20, 29-32, 41-47, 58-65, 70-77, 80-82, 92-95, and 101-116), between the ensemble of 20 solution NMR models and the X-ray model. The 1 H-15 N resonances for residues Tyr40, Lys88, and Leu96 had lower peak intensity than average compared to other amide 1 H-15 N cross peaks. Trp39 and Ala83-Asn87 amides, and Tyr40 side chain resonances could not be assigned. Trp39 and Tyr40 residues reside on the loop separating strands b2 and b3, and residues Ala83-Lys88 are located on the extended loop connecting strands b5 and b6. These loop regions are likely to have considerable flexibility in Pspto_3016 and are represented with sausage diagrams created according to C a RMSD for the NMR ensemble and according to B-factor for the X-ray structure in Fig. 1d and e, respectively. The sausage diagram of the NMR model (Fig. 1d) reflects the increase in backbone RMSD for the b2-3 and b5-6 loops due to incomplete resonance assignments and therefore a lack of structural constraints in these regions of the structure. Analysis of the sausage diagram for the crystal structure in the region of these loops indicated that the B-factors for residues in the b2-3 loop were slightly higher than in structured regions and that the B-factors for residues in the b5-6 loop region in the crystal structure (Fig. 1e) were not unusually high compared to structured regions in the protein. Analysis of the crystal packing indicated that Trp39 in the b2-3 loop was in close proximity (\4 Å ) from Glu69 in a symmetry related molecule, and that residues Tyr84-Met86 of the b5-6 loop are represented as the thickness of the trace. e Sausage diagram, of the X-ray structure where the thickness of the trace is reflected by increasing backbone B-factor (PyMOL script from PDBe). f Alignment of the Pspto_3016 X-ray structure (green) with the X-ray structure of DR2400 (PDB ID 2A1V) from D. radiodurans (cyan) and NMR structure of YjbR (PDB ID 2FKI) from E. coli (orange). Unless otherwise noted, residues 2-117 are shown for Pspto_3016, residues 3-130 for DR2400, and residues 2-118 for YjbR. All structures were rendered and alignments performed with PyMOL [27] Pspto_3016 NMR and X-ray crystal structures 157 in close proximity (\5 Å ) to Pro68-Glu69 of a symmetry mate, indicating that crystal packing may limit structural disorder in both the b2-3 and b5-6 loops. Additionally, the position of helix a2 is slightly different in the NMR ensemble compared to the X-ray structure, again indicating a possible consequence of packing against the b5-6 loop, which would otherwise experience conformational variability. Submission of the atomic coordinates for the NMR ensemble to the Dali [17] server identified two structures in the Protein Data Bank of orthologous bacterial proteins from Pfam PF04237 as structurally similar. The crystal Values in parantheses are representative of the highest resolution bin
, where I(hkl) is the intensity of reflection hkl, R khl is the sum over all reflections and R i is the sum over I measurements of reflection hkl R * = R khl || F obs | -| F calc ||/R khl I i (hkl)|F obs |; R free * is calculated using 10 % of the reflection data omitted from refinement of resonance assignments and R cryst is calculated for the remaining reflections structure of the 132-residue hypothetical protein DR2400 from D. radiodurans (PDB ID 2A1V) was the most similar with a Z-score of 9.9 (seq ID = 32 % and BLAST Evalue = 4 9 10 -4 obtained from the Kegg [20] database) followed by the NMR structure of 118-residue hypothetical protein YjbR (PDB ID 2FKI; NESG ID ER226) [30] from E. coli with a Z-score = 9.1 (seq ID = 33 % and BLAST E-value = 4 9 10 -4 ). The primary difference between these structures and Pspto_3016 is that DR2400 and YjbR lack the pronounced loop segment between strands b3 and b4, but also contain a short additional a-helix motif at the C-terminus (Fig. 1f) . Pspto_3016, like YjbR and DR2400, contains the highly conserved Asn-Lys-X-His-Trp motif [30] found on the loop connecting strands b5-b6. This sequence motif is characteristic of many members of Pfam PF04237. Further analysis of the Dali results identified the crystal structure of the 107-residue MotCF domain (PDB ID 1KAF) [21] of transcription factor MotA from bacteriophage T4, which has a lower Z-score of 4.9 but still exhibits many structural similarities despite a low sequence identity of 10 %.
The X-ray crystal structure of MotCF (PDB ID 1KAF) revealed a novel DNA-binding a/b motif, composed of three a-helices and a six-stranded b-sheet [21] , which together with the activation domain MotNF, function as the transcription factor MotA [11, 12, 22] . In MotCF, the Fig. 2 a Electrostatic surface potential map of the lowest energy NMR conformer of Pspto_3016 generated with APBS [3] where negatively charged regions are represented in red, neutral regions in white, and positively charged regions in blue (±5 kT/e). Locations of alkaline surface residues are indicated. b Ribbon diagram with highlighted residue side chains represented as sticks. Residues Asn87, Lys88, His90, and Trp91 of the highly conserved Asn-Lys-X-His-Trp motif, are shown in orange, residues Lys38, Trp39, Ala83, and Tyr84 are shown in green. Pspto_3016 is shown in the same orientation as panel A. c Ribbon diagram of MotCF (PDB ID 1KAF; residues 105-211 displayed) shown in the saddle orientation with highlighted putative DNA binding residues Tyr134, Arg135, and Lys166 in yellow. d Ribbon diagram of Pspto_3016 in the saddle orientation with residues Trp22, Lys24, and Lys65 highlighted in yellow. e Pspto_3016 ConSurf [2] representation shown with spheres, using the aligned Pfam PF04237 sequences clustered from the CLANS [13] sub-family. Conserved surface residues Arg32, Lys38, Trp39, Lys65, Ala83, Tyr84, His85, Met86, Asn87, Lys88, and Trp91 are indicated. f ConSurf representation of YjbR from Escherichia coli using the corresponding CLANS sub-family sequences. YjbR was aligned to Pspto_3016 in the same orientation as panels D and E. Residues N74, K75, and H77 of the Asn-Lys-X-His-Trp motif are indicated on the surface and Trp78 is buried. Additional conserved residues His21, Arg61, and His72 are indicated Pspto_3016 NMR and X-ray crystal structures 159
putative DNA binding region of the double wing motif is composed of many electropositive and aromatic residues on the solvent exposed b-sheet, flanked by the two extended loop regions connecting strands b1-b2 and b5-b6, forming a binding pocket that resembles the shape of a saddle [21] . MotCF displays a similar fold to the aforementioned a/b sandwich present in Pspto_3016. The two extended loops separating strands b1-b2, and between b5-b6, are structurally conserved features in Pspto_3016 as well as in the structures for proteins DR2400 and YjbR. Analysis of the electrostatic surface potential of Pspto_3016 with APBS [3] reveals a highly positively charged surface corresponding to the loops and b-sheet of the saddle (Fig. 2a) , including the surface surrounding the strongly-conserved Asn-Lys-X-His-Trp motif (Fig. 2b) . In MotCF, the b5-b6 loop is predicted to interact with the DNA major groove [21] . The sequence Asn-Gly-Asn-ValTyr of MotCF, structurally aligns with the Asn-Lys-X-HisTrp motif on the b5-b6 loop of Pspto_3016, and includes Tyr191 on the b6 strand, a predicted DNA-binding residue [21] . In MotCF, additional residues, Tyr134 and Arg135 on the loop between strands b1-b2 and Lys166 on the C-terminal end of strand b4 (Fig. 2c) are also predicted to interact with DNA [21] . These structurally align with Trp22, Lys24 and Lys65 in Pspto_3016 (Fig. 2d) . A CLANS (13) cluster analysis of the 1,845 Uniprot sequences from Pfam PF04237 revealed two major groupings of closely related sequences in the family (Fig. 3) . Using a CLANS p value cutoff of 1 9 10 -10 , Pspto_3016 was found in a distinct sub-family of 374 sequences, whereas YjbR was found in a separate subfamily with 1,073 other sequences (Fig. 3) , including the 33 % identical protein DR2400. The sequences of each sub-family were extracted to generate multiple alignment files using ClustalW [32] , and submitted to the ConSurf server [2] to map conserved surface residues from each sub-family onto the corresponding structures of Pspto_3016 and YjbR (Fig. 2e and f) . The location of the conserved surface patches for each sub-family was similarly located, surrounding the surface of the extended b5-b6 loop, presumably the site of DNA major groove interactions. Uniquely conserved in the Pspto_3016-containing sub-family was an insertion of residues 50-59 corresponding to the loop between strands b3-b4 (Alignment in Supplementary Figure S3) . Additionally present was a LysTrp motif (Lys38 and Trp39) in the short loop connecting strands b2-b3 and an Ala-Tyr motif (Ala83 and Tyr84) of the b5-b6 loop (Fig. 2b, e) , which was not conserved in the YjbR sub-family. However, YjbR residues His21, Arg61, and His72 were conserved surface residues among its corresponding sub-family (Fig. 2f) . The conserved residues in each sub-family may be important for sequence specificity to the respective DNA substrate for the proteins from Pfam PF04237.
In summary, we have presented the solution NMR and X-ray crystal structures of Pspto_3016 from P. syringae, a member of the uncharacterized protein family PF04237 (DUF419). Sequence homology and structural similarities led to the identification of the MotCF domain of transcription factor MotA from T4 bacteriophage as a potential functional homolog and the putative function as a DNAbinding protein. In addition, other double wing proteins from Pfam family PF04237 with known three-dimensional structures, YjbR from E. coli and DR4200 from D. radiodurans, are structurally similar and a have a high degree of conservation for several exposed electropositive and Fig. 3 Cluster map of the Pfam PF04237 protein family using CLANS [13] . Clusters were determined using a BLAST p value cutoff of 1 9 10 -10 to run the CLANS all-to-all pairwise comparison of the 1,845 sequences for PF04237 from the Uniprot database. The cluster containing Pspto_3016 is indicated on the right, and the cluster containing YjbR and DR2400 is on the left aromatic residues in the potential DNA-binding regions, including the highly conserved Asn-Lys-X-His-Trp motif [30] . These observations as well as the overall structural similarity with the known DNA-binding protein MotCF, strongly suggest that Pspto_3016 is a sequence-specific DNA binding protein, and that this molecular function is common to members of the PF04237 domain family. However, since MotCF is the putative DNA-binding domain of the larger MotA protein that utilizes the activation domain MotNF for associating with other protein complexes, the independent gene product Pspto_3016 may require other yet unknown proteins in order to form complexes with DNA to carry out its physiological function.
